The character of monocytes is both molded by and contributes to ongoing immune responses. We hypothesized that monocyte polarization could have durable qualities and these would be mediated partly by changes in the chromatin. We defined genome-wide expression and histone H4 acetylation (H4ac) changes after g-interferon (IFN), a-IFN and interleukin-4 treatment. To identify genes with altered potential for expression, we stimulated polarized monocytes and identified genes up-or downregulated after polarization and stimulation but not either treatment alone. We also defined durability after an 18-h or 3-day washout. Genes uniquely regulated after the combination of polarization and stimulus were durably altered, with 51% of the effects being durable. This gene set was highly enriched for cytokine-induced alterations in H4ac, with P-values ranging from 10 À24 to 10
Introduction
Monocytes and their tissue counterpart, the macrophage, are known to participate in innate defenses against pathogens and to signal and mold the adaptive immune response. 1 The role of monocytes and macrophages in molding host responses is becoming clearer, and recent descriptions of the importance of anti-inflammatory monocytes in recovery from sepsis 2 and the role of anti-inflammatory macrophages in the local immune suppression associated with tumors 3 have highlighted the importance of this cell type. Understanding the mechanisms governing the qualitative features of monocytes has also become important, as targeting of these cells has become a therapeutic reality. In autoimmune diseases, tissue macrophages have been shown to correlate with the severity of renal disease in lupus and the severity of synovitis in rheumatoid arthritis, leading to interest in modulating their effects. 4, 5 Glatiramer acetate has been shown to mediate its therapeutic effects in multiple sclerosis via the generation of antiinflammatory monocytes, which secondarily induce Treg development and suppression of Th17 cells. 6 There is also substantial interest in developing interventions to modulate macrophage function in the oncology field to enhance antitumor immune responses. 3, 7 Therefore, understanding the molecular pathways involved in monocyte/macrophage polarization is of critical importance.
Macrophage plasticity is extreme, and several studies have demonstrated convincingly that macrophages can even transdifferentiate into smooth muscle cells or lymphatics. 8, 9 Generally, macrophage function has both plastic and stable qualities. 3, 7, [10] [11] [12] [13] [14] It would be valuable to identify features of monocyte/macrophage function that are durable and those which are subject to subsequent modification. In designing macrophage-oriented therapeutics, delineation of durable and plastic features will be important.
Traditional efforts to polarize monocytes use interleukin (IL)-4 or IL-13 for the 'alternative' M2 polarization and g-interferon (IFN) or microbial ligands for 'classical' M1 polarization. 15 M1 monocytes/macrophages are generally characterized as having hi , IL-23 hi , tumor necrosis factor (TNF)-a hi and IL-10 lo responses to stimulation. [16] [17] [18] They produce abundant reactive oxygen species and drive Th1 responses. IL-10 hi responses. [19] [20] [21] These cells are similar to myeloid suppressor cells and are thought to perform important regulatory functions and to participate in Th2 responses. 1, 22 The classification of M1 and M2 has been valuable model; however, monocyte and macrophage phenotypes in vivo more likely represent points on a spectrum. 23 Conversion of M2 monocytes into M1 monocytes could improve host responses to tumors, and conversion of M1 monocytes into M2 monocytes could benefit patients with autoimmune disease, therefore, understanding that the degree of plasticity after polarization is of significant value. 3, 6, 7 Our study examined the effects of a strong M1 agent, a strong M2 agent and the use of an agent designed to induce a dendritic cell-like phenotype.
This study examined H4 acetylation (H4ac) changes associated with polarization. Epigenetic changes regulate gene expression, and the epigenetic landscape of the cell sets the developmental program of the cell. [24] [25] [26] Macrophage polarization has been specifically associated with epigenetic pathways. 27, 28 H4ac specifically is associated with increased competence for transcription, and a large number of studies have confirmed its importance in regulating gene expression. 29, 30 The ability of epigenetic changes to sustain a differentiation program make it an attractive target for investigation of the mechanisms underlying monocyte polarization, and a recent study of altered histone modifications regulating M2 macrophage differentiation suggested that polarization in some cases is regulated epigenetically. 28 We have previously demonstrated that the TNF-a locus is regulated by histone modifications, both in response to acute stimulation and in response to polarizing signals. 31, 32 The TNF-a locus demonstrated some persistence of polarizing effects after g-IFN but not after IL-4 polarization, and these persistent effects were mediated largely by increased H4ac. To begin to address the important question of polarization durability at a genome-wide level, we utilized an unbiased approach to characterize the relationship of H4ac and gene expression after polarization. We then defined the durability of the polarization effects by treating monocytes with polarizing cytokines, removing the cytokines and stimulating with immune complexes at various times after cytokine exposure. In this in vitro model system, specific subsets of durably altered gene expression patterns were associated with polarization-induced chromatin changes. The gene set with altered potential for expression, as revealed by the acute immune complex stimulus, was particularly enriched for cytokine-induced H4ac changes.
Results

Cellular responses to polarization
We initially validated our polarization strategy using common cell surface markers of polarization. 33 We polarized the primary human monocytes for 18 h. Three contrasting polarizers were used: a-IFN, g-IFN and IL-4. IL-4 and g-IFN are often considered opposite polarizers, with g-IFN driving an M1 phenotype and IL-4 driving an anti-inflammatory M2 phenotype. [34] [35] [36] [37] [38] The effect of a-IFN is less well characterized, but is thought to be associated with dendritic cell-like qualities. 39 This strategy allowed us to examine diverse effects on monocyte biology. Owing to some inherent heterogeneity in human peripheral blood monocytes, 40 we characterized the percent of cells positive for each cell surface marker. The M1 phenotype, seen after g-IFN treatment, was associated with increased expression of FcgRI (CD64) and CCR7 (CD197). The M2 phenotype, seen after IL-4 treatment, was associated with increased expression of FceRII (CD23) and the macrophage mannose receptor (CD206). We then characterized the durability of the changes in expression of these cell surface markers after a washout of the cytokine polarizer ( Figure 1 ). The durability of the polarization effects after a washout was heterogeneous, with IL-4 stably altering CD16 expression but transiently affecting CD23 expression. The g-IFN had transient effects on CD197 and CD16 expression. Note that the maturation of primary human monocytes in culture is associated with alterations in some cell surface markers. At 3 days in culture, the monocytes have acquired some macrophage-like characteristics with partial adherence (see below).
To provide additional insight into the durability of cytokine polarization in monocytes, we polarized the cells as above and observed the physical changes in the cell morphology. These effects were heterogeneously durable with endosomes being more evident after IL-4 and a-IFN but only a-IFN-polarized cells retaining that feature after the washout (Figure 2 ). The g-IFN polarization drove increased actin content that was retained after the washout.
Gene expression and H4ac in monocytes
H4ac at the promoter is known to be associated with increased competence for transcription. 41 The acetylation mark can be deposited acutely by histone acetyl transferases or can be deposited during a differentiation-induced process. In both cases, the gene is rendered more transcriptionally competent, but the acute changes are transient while the differentiation-induced H4ac changes are more durable. In untreated monocytes, the H4ac levels within the (À7.5 kb, þ 2.5 kb) promoter region of 11 152 Ensembl genes exhibited a locationspecific pattern, with two peaks immediately before and after the transcription start site (Figure 3a) . The correlation between H4ac and expression was strongest around the transcription start site (Figure 3b) . Nevertheless, the H4ac as far, as À7.5 kb was still significantly correlated with gene expression (P ¼ 4.7e-11), suggesting that H4ac could indirectly regulate the expression of the downstream gene via adjusting accessibility of transcription factors and other regulators. We then summarized the H4ac measurements within the promoter region of each gene into a single value. The representative H4ac measurement had a highly significant correlation with gene expression with Spearman's r ¼ 0.56 and P-value o10e-300 (Figure 3c ). Although the overall correlation is prominent, many genes had discordant H4ac and expression measurements. In some cases, this could be because of gene-mapping issues. For example, ARHGA-P11A had very high H4ac and very low expression according to the expression arrays. A closer look at the data revealed that all of the expression probes of ARHGAP11A were located on one of its alternative 3 0 -UTRs and probably failed to detect the actual mRNA.
Gene expression changes related to polarization
To examine the hypothesis that polarization-induced changes in gene expression are associated with alterations to chromatin, we first identified changes in gene expression related to polarization. Our model utilized polarization of primary monocytes with IL-4, g-IFN or a-IFN. Our initial analysis compared gene sets from primary human monocytes from three donors polarized for 18 h. Baseline was established by parallel cultures that were mock polarized. Each cytokine induced the expression of a unique set of genes ( Figure 4a ). There was little overlap between IL-4-treated cells and the two other polarized cell types but there was substantial overlap between g-IFN-and a-IFN-treated cells. When comparing polarization-induced changes in gene expression and polarization-induced changes in H4ac, there was a statistically significant overlap for all three cytokines (Figure 4b ). The extent of direct concordance ranged from 15 to 30%; however, this is dramatically increased over the background concordance, and P-values ranged from 10 À24 to 10 À37 . The overlap among downregulated genes was less significant. We conclude that genes with increased expression after cytokine polarization are enriched for increased H4ac, but that increased H4ac does not dictate the majority of expression changes.
Durability of polarization effects
To define the durability of the polarization effect, we examined the effect of polarization on a subsequent stimulus. Cells were polarized as above, and after varying periods of washout, the cells were stimulated with immune complexes. This stimulus engages Fc receptors and drives a proinflammatory cytokine response, similar to processes in immune complexmediated diseases such as lupus. 42, 43 The cellular pathways activated by immune complexes are well characterized and represent a physiological model system. RNA was harvested immediately after polarization or at 4 h after immune complex stimulation to minimize secondary effects from cytokine release. This model Figure 1 Flow cytometric identification of polarization-induced cell surface molecules. Primary monocytes were polarized with the indicated cytokines for 18 h. The cells were studied using flow cytometry immediately and after a 3-day washout period. The cells were gated on physical parameters and CD14. CD16, CD11c, CD23, CD32, CD64, CD80, CD197, CD206 and CCR2 were studied with the graphs demonstrating the statistically significant changes after polarization. The first set of points represents the changes immediately after cytokine treatment. The arrows denote the statistically significant changes due to polarization (Po0.05). The second set of points reflects the cell surface staining after the 3-day washout. The graphs represent an average of four experiments with four separate donors. Representative flow plots are shown below.
Monocyte polarization Z Zhang et al allowed us to define not only gene expression changes directly related to the cytokine polarization but also to detect changes in the potential for gene expression due to polarization. The goal was to identify genes with altered potential for response as revealed by the immune complex stimulation. An important issue in the study of macrophages is whether they retain a 'memory' of their previous exposures. We specifically queried the array data for gene sets that fulfilled the following criteria: genes with expression altered by the combination of cytokine polarization plus immune complex stimulation but with minimal alteration due to polarization alone or stimulation alone. Figure 5 demonstrates the heatmaps of the genes fulfilling these criteria for each type of polarization. The left lanes represent the various controls, demonstrating that cytokine alone or immune complexes alone do not markedly alter expression in these gene sets. The three right-hand lanes demonstrate the sets of genes uniquely regulated by the combination of cytokine and immune complexes. The last two lanes are the same genes displayed after the 18-h and 3-day washout. This subgroup of genes, characterized by altered potential for expression as manifested by a response to the combination of cytokine and immune complexes, is generally durably altered. Overall, 51% of the genes demonstrated a stable effect of polarization after a washout.
Chromatin correlates with gene expression changes
We hypothesized that the gene set with altered potential for expression would correspond, in part, with a gene set with altered H4ac after polarization. The role of histone modifications in defining transcriptional competence suggests there will be an association between H4ac and gene expression. Each Venn diagram in Figure 6 demonstrates the overlap in H4ac changes related to polarization and gene expression. As was seen in Figure 3 , the overlap is incomplete but reveals statistically significant associations in H4ac and gene expression changes in this model system. The small orange circles indicate the durably altered gene set. Therefore, the gene set defined by altered potential for expression was significantly associated with altered H4ac, but the subset defined by durability was not additionally enriched for H4ac.
To further understand the pathways regulating the durably altered sets of genes, we performed unsupervised clustering of genes based on their expression pattern after polarization and washout (Table 1 and Figure 7 ). We hypothesized that specific groups of related genes might have a higher correlation with increased H4ac. We reexamined each of the clusters defined by the pattern of expression ( Figure 7) . By segregating the clusters, it was clear that certain clusters had a high correlation with altered H4ac and this association was much stronger for upregulated genes and H4ac. There was no consistent pattern of expression in those clusters strongly associated with increased H4ac. The clusters with a strong association with increased H4ac were selected for further evaluation (focus clusters). In this analysis, P-values ranged from 10 À4 to 10 À29 . Ingenuity was utilized to define gene categories of related genes within the focus clusters. The two clusters of genes upregulated after IL-4 polarization and associated with increased H4ac were significantly associated with cell-cell signaling, cell morphology, cell development, cell assembly and gene expression ( Table 2 ). There were five clusters identified as upregulated after g-IFN polarization. These categories were similar to those seen after IL-4 polarization;, however, they were more diverse. Four clusters of genes were identified after a-IFN polarization. These four clusters exhibited features distinct from those of g-IFN and IL-4. Therefore, the focus clusters were not clearly related to conserved gene categories across the three polarizing conditions.
To gain insight into the signaling pathways related to these regulons, a systems biology approach was used to derive networks relating genes from the 11 focus clusters. morphology is altered by polarization. Primary monocytes were polarized with the indicated cytokines for 18 h. Cells were stained with Alexafluor 488-phalloidin (green) to detect intracellular actin and anti-EEA1 (early endosomal antigen-1) (red) to detect endosomes. The cells were counter stained with 4',6-diamidino-2-phenylindole to define the nucleus. Monocytes were studied immediately after the 18-h polarization treatment and after a 3-day washout. Some aspects of cell morphological changes are retained after the 3-day washout. The confocal shown is representative of three different donors.
In each case, nodes of the polarizing cytokine were identified. Regulons identified after g-IFN were associated with multiple networks centered on nodes of mitogen-activated protein (MAP) kinases, nuclear factor-kB, hepatocyte nuclear factor-4A and STAT1 (Table 3 and Supplementary Data). IL-4-polarized cells had significant nodes of peroxisome proliferatoractivated receptor-g, nuclear factor-kB and MAP kinases. The a-IFN-polarized cells had significant nodes of nuclear factor-kB, IL-12, MAP kinases, TRAIL and STAT1.
The role of MAP kinases in durably altered gene expression The consistent identification of MAP kinases was of interest because we have previously reported that MAP kinase inhibitors altered the ability of g-IFN to elicit chromatin changes at the TNF-a locus. 31 Furthermore, recent studies suggest that MAP kinases directly target histone modification pathways to regulate gene expression. [44] [45] [46] To better understand potential mechanisms, we identified the effect of polarization on signaling molecules downstream of immune complex stimulation (Figure 8 ). Primary monocytes were polarized with cytokine for 18 h, and cells were examined at various points after the immune complex stimulation. Phosphorylation of activating transcription factor-2, ERK and p38 was detected by western blotting after immune complex stimulation using phospho-specific antibodies. Cytokine polarization led to basal changes in the phosphorylation of ERK and p38. The effect of a-IFN polarization on p38 and ERK was clearly visible as sustained phosphorylation after stimulation. The effect of g-IFN was subtler, although it appeared to lead to a more sustained phosphorylation of activating transcription factor-2 compared with untreated cells. IL-4 had its most marked effect on activating transcription factor-2 phosphorylation and little effect on p38 or ERK. These data support the link between cytokine polarization, MAP kinase activation and H4ac.
We similarly examined STAT1 and STAT6 phosphorylation as additional pathways related to cytokine polarization. STAT6 exhibited increased phosphorylation after Overall, these data support our pathway identification using a systems biology approach.
Discussion
This study was designed to clarify the mechanisms underlying the recognized heterogeneity in monocyte polarization durability. 7, 13, 14, 31 We hypothesized that chromatin changes could be responsible for some aspects of durability. Our use of three different monocytepolarizing conditions allowed us to examine diverse effects on gene expression and the epigenome. The nonbiased approach afforded an opportunity to characterize the gene subsets falling into distinct regulons, based on expression patterns in response to cytokines and washout. Several of the regulons were found to be strongly associated with alterations in H4ac but many regulons were not associated with H4ac changes. These data suggest that certain signaling pathways may be more likely to drive durable changes in gene expression via chromatin mechanisms. A systems biology approach identified MAP kinases as central to the polarization process. The role of MAP kinases in histone modifications has recently been highlighted. [44] [45] [46] They participate in differentiation-induced changes to the epigenome.
Gene expression and H4ac are clearly linked; however, the strongest association of coordinately altered gene expression and H4ac occurred in sets of genes where cytokine altered the potential for expression. This reinforces the point that histone modifications set the competence for expression and are not simply a mirror of gene expression. 47 The finding that not all genes with altered potential for expression were associated with altered H4ac prompts the question of what else could be contributing to the altered gene expression. A limitation of our study was the evaluation of a single-histone mark, a limitation imposed by the high cell numbers required for this type of assay. Therefore, other epigenetic modifications that were not measured could contribute to the altered potential for expression and durability. Nevertheless, this study clearly demonstrated that genes Figure 5 Altered potential for expression is strongly associated with increased durability of expression. The heatmaps demonstrate that the sets of genes with altered competence for expression, as defined by altered expression after the combination of polarization and immune complex stimulation but much less alteration with each agent alone, represent extremely durably altered sets of genes. This was true for downregulated genes (lower group) as well as upregulated genes (upper group). These heatmaps represent the average of three donors, with all treatments being applied to all three donors. For each cytokine, the last three lanes represent the gene set defined by response to the combination of polarization and immune complex stimulation, the same genes after an 18-h washout and the same genes after a 3-day washout. The first five lanes in each case represent the relevant controls.
with altered potential for expression after polarization were generally enriched for cytokine-induced H4ac, and that certain clusters/regulons were highly enriched for cytokine-induced H4ac. The two significant findings of this study are that monocyte polarization is heterogeneous with respect to durability and that in specific sets of genes, durability of changes in gene expression are related to cytokineinduced alteration in the H4ac pattern. Certain gene clusters identified by unsupervised clustering were extremely enriched for coinduced H4ac changes. These clusters were also enriched for MAP kinase nodes p=2.1e-6 Figure 6 The association of durably altered gene expression with altered H4ac. We analyzed only genes with altered potential for expression as defined by altered expression after the combination of cytokine and immune complex stimulation ( Figure 5 ). Overall, 51% of the genes retained their altered expression after the washout. The green circles indicate the genes with altered H4ac after cytokine treatment and the yellow circles represent the genes with altered expression after cytokine polarization and immune complex stimulation. The small orange circle represents the genes with durably altered expression after the washout and subsequent stimulation. There is significant overlap of the genes with altered potential for expression and the cytokine-induced alteration to H4ac according to Fisher's exact test (see P-values in figure) . The durably altered gene set was not statistically associated with altered H4ac; however, the sample size was small in this analysis. identified by networking analysis. MAP kinases have traditionally been thought to regulate transcription by phosphorylating transcription factors. 48, 49 They have also been recognized for many years to phosphorylate H3, and thereby regulate the expression of immediate-early genes. [49] [50] [51] [52] An additional layer of complexity has been added whereby MAP kinases are now also known to regulate polycomb binding and interact with histone acetyltransferases. 44, 45 These recent data provide a potential link between MAP kinases and monocyte polarization.
The polarization process was remarkable for significant effects on cell behavior. Cell morphology, cell responses to stimuli and cell surface markers were all altered by polarization. Although many of the polarization-induced changes were reversible after washout, many were not. The durability of the changes described in this study is not antigen-specific memory but could serve to mold subsequent responses and to have an impact on the T-cell responses to pathogens. This echo or footprint of a previous exposure has important implica- Figure 7 Individual regulons defined by pattern of expression are highly enriched for H4ac. The pattern of expression of the highly concordant regulons identified in Table 1 is shown in this figure. Three clusters from each cytokine polarization were selected for demonstration based on their association with H4ac (Table 1 ). The clusters were defined by the pattern of changes in gene expression after immune complex stimulation and washout. The red lines track changes in upregulated genes and the green lines track changes in downregulated genes. Table 2 Gene categories related to the expression clusters significantly associated with H4ac AIFN cluster 17 Infection, cell morphology, hematopoietic system development, cell cycle, cell death, gene expression, cancer, lipid metabolism AIFN cluster 19 Infectious diseases, cellular development, hematologic system development, cell cycle, gene expression, cell-cell signaling, protein synthesis, protein degradation AIFN cluster 20 Antigen presentation, antimicrobial responses, respiratory system development, cancer cell-cell signaling, gene expression AIFN cluster 22 RNA damage, cell cycle, cellular assembly and organization, organ morphology, cellular development, infectious diseases, cellular compromise, cancer GIFN cluster 3
Antigen presentation, cellular movement, immune cell trafficking, cell cycle, drug metabolism, lipid metabolism GIFN cluster 11 Drug metabolism, molecular transport, nucleic acid metabolism, renal disease, embryonic development, gene expression GIFN cluster 13 Cell death, hematological disease, immunological disease, cell-cell signaling, antigen presentation, infectious disease GIFN cluster 20 Cellular growth and proliferation, hematologic system development, humoral response, cell cycle, cellular assembly and organization, DNA replication, recombination GIFN cluster 21 Cellular compromise, infection mechanism, protein degradation, cellular movement, cancer, gene expression, cancer IL-4 cluster 16
Cell-cell signaling, cell-mediated immune response, hematologic system development, lipid metabolism, cell morphology, small-molecule biochemistry IL-4 cluster 17
Gene expression, lipid metabolism, molecular transport, cellular development, cellular growth and proliferation, gene expression, cell death
Abbreviations: AIFN, a-interferon; GIFN, g-interferon; H4ac, H4 acetylation; IL, interleukin.
tions for the hygiene hypothesis. Although this study relied on an in vitro model to assess durability, it will also be important to know whether the durable changes in gene expression are maintained after macrophage differentiation in tissues. This study examined the persistence of the polarization effect after exposure to a neutral environment. Whether offering an alternative stimulus might be able to reverse the durable polarization effects is not yet known. This is of importance, as monocyte-oriented therapeutics become a reality. Understanding the mechanisms underlying the durable gene expression changes and how to reverse them could have relevance in tumor immunotherapy, treatment of inflammatory diseases and recovery from infections. The identification of MAP kinases as a potential target represents an initial step in the process.
Materials and methods
Cells
Primary human monocytes were obtained by elutriation and rested before cytokine treatment. 31 Donors gave written informed consent, and the protocol was approved by the IRB. Monocytes were X95% pure by flow cytometry and cultured in RPMI with 10% cosmic calf serum. Each set of monocytes from a single donor received all manipulations for the arrays to limit the effect of interindividual variability. Ten million monocytes were used for each chromatin immunoprecipitation/RNA preparation, and three biological replicates from different donors were used for each analysis. Monocytes were treated for 18 h with 50 ng ml À1 of g-IFN, 50 ng ml À1 of IL-4 (R&D Systems Minneapolis, MN, USA) or 500 U ml À1 of a-IFN (PBL Interferon Source, Piscataway, NJ, USA). The monocytes were washed extensively and rested for varying times as indicated in the figures and in some cases, stimulated or mock stimulated with rabbit anti-bovine serum albumin immune complexes at 1 mg ml À1 for 4 h. 53 The immune complexes were free of endotoxin and had been previously titrated for effect. The cytokine concentrations have been previously shown to elicit strong polarization with no increase in cell death. 31 For flow cytometric evaluations of changes in cell surface markers, four color analyses were performed on a FacsCalibur Instrument (BD Biosciences, San Jose, CA, USA). Isotype controls were used to define background staining, and the following antibodies were used in combination with PE-CD14 as an anchor: CD16, CD32, CD64, CD80, CD206 (all fluorescein isothiocyanate and all from BD Biosciences, San Jose, CA, USA) and AlexaFluor 647 CCR2 (BD Biosciences). APC-CD11c from BD Biosciences, FITC-CD23 from Biolegend (San Diego, CA, USA) and FITC-CD197 from R&D Systems were also used. The monocytes were often heterogeneous with respect to their surface expression, as has been previously described. 54 Therefore, the changes after cytokine treatment are reported as percent of the population.
Confocal microscopy utilized a Zeiss Axiovert 200 M microscope (Zeiss, Thornwall, NY, USA) with an argon laser (488 nm wavelength) and a 1543 nM HeNe coherent chameleon fs-pulsed NIR laser. Z-sections at the depth of 0.25-0.45 mm were generated. Cells were fixed at various time points in 4% paraformaldehyde in PBS, permeabilized with 1% Triton X-100 SigmaUltra, blocked with 1% BSA in PBS at room temperature and counterstained in DAPI (Sigma). AlexaFluor 488-phalloidin was used to define actin (Invitrogen, Carlsbad, CA, USA) and anti-EEA1 (Santa Cruz, CA, USA) was used to define endosomes. The western blots utilized the following antibodies: antiphospho-ATF2, anti-phospho ERK, anti-phospho P38, antitubulin or actin from Santa Cruz Biotechnology (Santa Cruz, CA, USA), pSTAT6 (Santa Cruz Biotechnology) and pSTAT1 (Cell Signalling Technology, Danvers, MA, USA). Arrays The U133A 2.0 platform was used for the expression analyses. cRNA was prepared according to the recommendations of the manufacturer (Affymetrix, Santa Clara, CA, USA). The H4ac immunoprecipitation was performed as in previous studies. 31 Purified DNA from the immunoprecipitation was amplified, cleaved and labeled using the GeneChip WT double-stranded DNA terminal labeling kit (Affymetrix). DNA preparation and hybridization were all performed according the recommendations for the GeneChip Human Promoter 1.0R array (Affymetrix).
Array data preprocessing
The CEL files of Human Promoter 1.0R arrays were processed by MAT, 55 which adjusted the raw measurements according to probe sequences. The processing generated the average difference between three samples in the same treatment group and four common control samples where the DNA was precipitated by the non-specific antibody, anti-glutathione-S-transferase (GST). The processed data of more than 4.4 million probes were retrieved by CisGenome 56 and input into R (http://www.R-project. org) for analyses. The expression arrays were processed by the RMA method 57 using a custom library file that remapped the probes to the current release of Ensembl genes. 58 The two types of array data were mapped to Ensembl genes and their transcription start site. In total, there were 11 152 unique Ensembl genes that had at least 3 probes on the expression arrays and at least 30 probes within the (À7.5 kb, þ 2.5 kb) promoter region on the chromatin immunoprecipitation arrays. These genes were used as the 'universe' of all data analyses in this study.
Array data analyses
The raw data of the tiling arrays were processed by MAT program (Bioconductor, Fred Hutchinson Cancer Center, Seattle, WA, USA) by setting the bandwidth to 250 bp and the P-value cutoff to 1e-6. Triplicate samples of each treatment were grouped together and compared with four GST control samples. MAT identified about 5000 H4ac peaks from each treatment group. The MAT-processed measurements on array probes were retrieved by the bar2txt command of the CisGenome program. The systematic difference of the scale of the measurements was removed by a quantile-quantile normalization of all measurements across treatment groups. The rest of the data processing, statistical analysis and result plotting were performed within R.
Tiling array probes were grouped into 100-bp bins, and the measurements of probes in the same bin were averaged to represent the H4ac level at that bin. The H4ac-expression correlation was calculated for each bin. To summarize the H4ac level of each Ensembl gene within À7.5 kb to þ 2.5 kb of transcription start site, the measurements at all 100 bins were weighted by their H4ac-expression correlation coefficients and then averaged. Thus, a single measurement was used to represent the general H4ac level at the promoter region of each gene in each treatment group.
To identify genes whose H4ac at promoter was changed by cytokine treatment, we used D to designate the difference of the single-value H4ac measurements of each gene before and after treatment. Given M and s.d. as the mean and standard deviation of Ds of all 11 152 genes, we called that a gene had up-or downregulated H4ac if its D was greater than M þ 2 Â s.d. or less than MÀ2 Â s.d.
Genes altered by the combination of cytokine and immune complexes (IC) were identified by the similar strategy, but the samples treated by both were compared with three groups: no treatment, cytokine only and IC only. Only genes satisfying the M þ 2 Â s.d. or MÀ2 Â s.d. cutoffs in all three comparisons were selected. The durability of the change of these genes after washout was evaluated by comparing the six samples treated by both cytokine and IC, and rested for 18 or 72 h after washout to the three corresponding sample treated by IC only. If the average difference was more than M þ 2 Â s.d. or less than MÀ2 Â s.d., the expression change was considered durable.
We applied the following steps for gene-clustering analysis. First, we identified significant genes that were differentially expressed across any of eight sample groups: four groups without cytokine polarization (one without IC, one with IC and two with 18 and 72 h of rest after washout) and four corresponding groups with one cytokine treatment. All selected genes had a P-value less than 0.01 according to analysis of variance and at least 25% difference of average expression between any two sample groups. These genes were used to build a hierarchical-clustering tree. The tree was cut by height of 0.8 to get a number of gene clusters. The overlapping of those clusters to genes with H4ac change was evaluated by Fisher's exact test.
Gene Expression Omnibus (GEO) submission of data in process.
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